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ABSTRACT : Determinations of  Rb, Sr and K and Sr i s o t o p i c  compositions 

are repor ted  f o r  t h e  carbonaceous chondr i tes  Orguei l ,  Murray, Mokoia and 

Lance, t h e  hypersthene chondri te  Peace River ,  and four  chondrules from 

t h e  Peace River meteor i te .  Rb and K show a decrease i n  abundance from 
I 

Type I t o  Type 111, i n  accordance with prev ious  work; Sr i s  r e l a t i v e l y  

cons tan t .  An isochron constructed from t h e  carbonaceous chondr i te  d a t a  

and an i n i t i a l  Sr87/Sr86 of 0.7007. 

i n i t i a l  Sr87/Sr86 i s  assumed t o  be 0.6985 ( t h e  mean i n i t i a l  va lue  f o r  

The age becomes 4.74 - + 0.15 A.E i f  t h e  

achondr i t e s ) ,  bu t  t h e  r e s i d u a l  var iance i n  t h e  r eg res s ion  now becomes g rea t -  

e r  than  experimental  e r r o r .  Most of t h e  r e s i d u a l  var iance  i s  con t r ibu ted  by 

t h e  Type I11 carbonaceous chondri tes :  one o f  s e v e r a l  poss ib l e  explana t ions  

i s  t h a t  Type I11 formed some 0.3 AE l a t e r  than  Type I by Rb deple t ion .  

Inc lus ion  o f  t h e  d a t a  f o r  t h e  Peace River  chondr i te  changes t h e  age 

o n l y ' s l i g h t l y  t o  4.76 AE. The d a t a  from t h e  fou r  chondrules s c a t t e r s  widely 

about t h i s  isochron,  showing "geological" e r r o r  and poss ib ly  increased  ex- 

per imental  e r r o r  a l s o .  
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INTRODUCTION 

An accura te  determinat ion of t h e  " s o l i d i f i c a t i o n  ages" (Anders, 1962) 

o f  meteor i tes  provides  one of t h e  important c lues  t o  t h e  genes i s  and sub- 

sequent h i s t o r y  of meteor i tes .  Although t h e  s o l i d i f i c a t i o n  ages have been 

determined f o r  a number of chondri tes  by t h e  Pb-Pb method and t h e  Rb-Sr 

method by s e v e r a l  previous workers, carbonaceous chondr i tes  have not  been 

w e l l  r epresented  i n  t h e s e  e a r l i e r  s t u d i e s .  Recent d e t a i l e d  s t u d i e s  on t h e  

mineralogy and chemistry of  t h e  carbonaceous chondr i tes  have l e d  t o  some 

specu la t ions  as t o  t h e  o r i g i n  and age of t h e s e  me teo r i t e s  and provided t h e  

impetus f o r  t h e  p re sen t  work. S imi l a r ly ,  recent  s t u d i e s  on ind iv idua l  

chondrules from s tone  meteor i tes  have c rea t ed  t h e  need f o r  age determinat ion 

of  t h e s e  ob jec t s .  There are no known s o l i d i f i c a t i o n  ages of  i nd iv idua l  

chondrules and a pre l iminary  attempt w a s  made h e r e ,  as p a r t  o f  a l a r g e r  

program of i s o t o p i c  inves t iga t ions  on chondrules.  
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The Rb-Sr method of age determination i s  perhaps t h e  only way at 

present  by which s o l i d i f i c a t i o n  ages of small samples such as ind iv idua l  

chondrules and r a r e  meteor i tes  can be determined. Besides r equ i r ing  

l a r g e  samples, t h e  Pb-Pb method i s  somewhat i n s e n s i t i v e  i n  t h e  case of 

t h e  carbonaceous chondr i tes  because of t h e  very s m a l l  U/Pb r a t i o s  and t h e  

consequent non-radiogenic na tu re  of t h e  l eads  i n  them (Marsha l l ,  1962). 

Ages of some of t h e  carbonaceous chondr i tes  have been measured by t h e  K-Ar 

method, bu t  are sub jec t  t o  t h e  l o s s  of  A r  dur ing t h e i r  l i fe t imes.  

One of t h e  purposes of  t h e  present  s tudy w a s  t o  determine t h e  age of  

t h e  carbonaceous chondr i tes  as a group, without any assumption as t o  t h e i r  

i n i t i a l  Sr87/Sr r a t i o .  A similar at tempt  w a s  made f o r  t h e  chondrules 

separa ted  from t h e  Peace River chondri te .  I n  both cases ,  t h e  ob jec t ive  

w a s  t o  compare t h e  ages thus  obtained with t h e  s o l i d i f i c a t i o n  ages deduced 

elsewhere f o r  chondri tes  and achondri tes  i n  o rde r  t o  i n f e r  gene t i c  r e l a t i o n -  

sh ips  between t h e s e  o b j e c t s ,  -- chondrules ,  carbonaceous chondr i t e s ,  and 

ord inary  chondr i tes .  

86 

It must be poin ted  out here t h a t  t h i s  paper r e p o r t s  t h e  results of 

independent i n v e s t i g a t i o n s  done i n  two sepa ra t e  l a b o r a t o r i e s .  

purposely chosen t o  combine a l l  t h e  d a t a  here  i n  o rde r  t o  provide a g r e a t e r  

cogency and completeness t o  the t o p i c  than  would have been p o s s i b l e  o ther -  

w i s e .  

We have 
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EXPERIhENTAL PROCEDURES 

The determinat ion of t h e  Rb-Sr age of a s m a l l  me teo r i t e  sample in -  

volves t h e  fol lowing s t e p s ,  both performed under minimal contamination 

condi t ions  - 1) An accura te  determination of  Rb and S r  conten ts  of t h e  

sample, and 2 )  The p r e c i s e  measurement of t h e  i s o t o p i c  composition of  Sr. 

The d e t a i l s  of procedures used were more o r  less  convent ional  and are as 

fol lows : 

For t h e  t o t a l  meteor i te  samples, a ch ip  o r  fragment weighing about 

0.5 - 2.0  grams w a s  s e l e c t e d  from an i n t e r i o r  l o c a t i o n  of  t h e  me teo r i t e  

sample. In  t h e  case of chondrules,  i nd iv idua l  chondrules from t h e  Peace 

River meteor i te  were taken each weighing gene ra l ly  about 0 . 1  - 0.45 grams. 

In  no case were t h e s e  samples washed e x t e r n a l l y  wi th  d i s t i l l e d  water  o r  

d i l u t e  ac ids  f o r  f e a r  of leaching out  l o o s e l y  bound Rb and/or S r .  Since 

t h e  sample handling h i s t o r y  of any p a r t i c u l a r  sample chosen f o r  our  s tudy 

w a s  known t o  us i n  a l l  ca ses ,  and s t r i n g e n t  precaut ions  were taken i n  t h e  

handl ing procedures of t hese  meteor i te  ch ips  o r  chondrules ,  it w a s  f e l t  

t h a t  s u r f i c i a l  washing i s  not  only unnecessary but  may be dangerous. 

In  t h i s  s tudy ,  t h e  elemental  abundance determinat ion of  K ,  Rb, and S r ,  

as w e l l  as t h e  i s o t o p i c  composition of Sr were done on a s i n g l e  sample by 

t ak ing  a l i q u o t s  of t h e  dissolved sample. Chemical s epa ra t ions  necessary 

f o r  e x t r a c t i n g  t h e  K ,  Rb and Sr f r a c t i o n s  were done by t h e  ca t ion  exchange 

method using Dowex 50W - X8, 200 - 400 mesh, p r e p u r i f i e d  and washed r e s i n  

and 25-30 cm long ,  0 . 9  cm d i a .  p r e c a l i b r a t e d  pyrex columns. Except f o r  t h e s e  



-4- 

columns, a l l  l abo ra to ry  ware used was made of e i t h e r  plat inum, Tef lon ,  

Vycor o r  qua r t z  t o  minimize contamination of  t h e  type  r epor t ed  by 

Wasserburg,et a l .  (1964) .  The chemical d i s s o l u t i o n  and sepa ra t ion  

techniques a r e  similar t o  those  used by Gast (1962) and Compston, e t  a l .  

(1965) .  

To ta l  reagent  and ion exchange procedure contamination blanks were 

determined f o r  K ,  Rb and Sr. For a t o t a l  chemical procedure involv ing  

reagents  t o  process  a 2 gm sample o f  me teo r i t e  and t h e  ion  exchange 

sepa ra t ion ,  t h e  following contamination l e v e l s  were found at  L a  J o l l a  by 

repea ted  blanks:  K = 0.75 ugm, Rb = 0.01 pgm, and Sr = 0 .1  pgm. 

Contamination l e v e l s  at Canberra are given by Compston, e t  a l .  (1965).  I n  

t h e  case of t h e  chondrules from t h e  Peace River me teo r i t e ,  contamination 

blanks were run s i d e  by s i d e  with t h e  main experiment and t h e  blanks 

determined. A s  expected, because of t h e  much smaller amounts of reagents  

used and t h e  ease wi th  which t h e  chondrules d isso lved  i n  t h e  i n i t i a l  

d i s s o l u t i o n  procedure,  t h e  blanks w e r e  lower and somewhat v a r i a b l e .  I n  

gene ra l ,  t h e  percentage contamination co r rec t ion  f o r  t h e  chondrule ana lyses ,  

bo th  f o r  Rb and S r ,  were much higher than  i n  t h e  t o t a l  me teo r i t e  analyses  

because of t h e  small sample s i z e  of t h e  chondrules.  In  Tables 5 and 6 ,  

t h e  a c t u a l  amounts of K ,  Rb and S r  i n  each sample'analyzed and t h e  per- 

centage contamination cor rec t ion  app l i ed  a r e  given. 

I n  add i t ion  t o  t h e  contamination t h a t  occurs i n  t h e  chemical process- 

i n g  of  t h e  samples, c ross  contaminations i n  t h e  mass spectrometer  ion  



-5- 

source i s  a p o s s i b i l i t y  and s t r ingen t  precaut ions  were taken both i n  

t h e  mass spec t romet r ic  analyses  of t h e  i so tope  d i l u t i o n  runs as w e l l  

as t h e  i s o t o p i c  composition determinat ions.  I n  a l l  cases ,  t h e  Re- 

f i laments  of  t h e  t r i p l e  f i lament  source were prebaked at  high tempera- 

t u r e s  i n s i d e  t h e  ion  source u n t i l  no t r a c e  of  e i t h e r  Rb o r  S r  peaks 

were observed. Then t h e s e  f i laments  were taken  out and t h e  samples were 

loaded on them. In  a l l  t h e  Sr- isotopic  ana lyses ,  t h e  presence o f  i s o b a r i c  

contamination at  mass 87 w a s  checked by scanning t h e  spectrum a t  mass 85 

t o  look f o r  Rb . None of t h e  Sr-isotope ana lyses  made at L a  J o l l a  

contained any Rb contamination even on t h e  most s e n s i t i v e  s c a l e  o f  

d e t e c t i o n ,  and those  made at  Canberra contained not more than  1 percent  

Rb87 i n  t h e  t o t a l  mass 87 beam. 

85 

The i s o t o p i c  measurements repor ted  he re  were performed on two d i f f e r -  

en t  mass spectrometers .  Three samples of Orguei l  meteor i te  and two samples 

of  Mokoia were analyzed i n  a Metropolitan-Vickers 6-inch r a d i u s ,  90° mass 

spectrometer  a t  t h e  Aus t ra l ian  Nat ional  Univers i ty .  The genera l  d e t a i l s  

concerning measurements made on t h i s  machine are r epor t ed  elsewhere (Compston , 

Lovering and Vernon, 1965) .  

The rest  of t h e  samples were ar-alyzed on a Nuclide Analysis Associates  

12-inch r a d i u s ,  60° mass spectrometer.  

used. The ion  source used mul t ip le  rhenium f i l amen t s ,  but  i n  t h e s e  analyses  

it w a s  used as a double fi lament source ,  one on which t h e  sample w a s  loaded 

and t h e  o t h e r  used as an ion iz ing  f i lament .  

Acce lera t ing  vol tage  of  5.5 kV w a s  

The e l ec t ron -mul t ip l i e r  
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c o l l e c t o r  w a s  not  employed, t o  avoid added mass d iscr imina t ion .  A t  

ope ra t ing  ion  c u r r e n t s  of t h e  order  10  t o  amperes, t h e  mass 

s p e c t r a  were magnet ical ly  scanned r epea ted ly ,  and recorded on a s t r i p  

cha r t  recorder .  An average a n a l y s i s  f o r  i s o t o p i c  composition cons i s t ed  

of about 15-30 such repea ted  scans of  mass s p e c t r a .  Repeat analyses  of 

a s tandard  Sr suppl ied  by Professor  Hurley, Massachusetts I n s t i t u t e  of  

Technology, under t h e s e  opera t ing  condi t ions  have ind ica t ed  t h a t  t h e  

S r  /Sr  

percent  confidence l e v e l  (Table 1). 

-12 

87 86 r a t i o  can be measured accura te ly  t o  1 p a r t  i n  700 a t  t h e  95 

It i s  w e l l  known now t h a t  s i g n i f i c a n t  mass f r a c t i o n a t i o n  occurs  

88 
during Sr i s o t o p i c  ana lys i s .  

r a t i o s  are normalized t o  t h e  measured Sr87/Sr 

S r  

To co r rec t  f o r  t h i s ,  t h e  observed Sr86/Sr 

86 r a t i o .  In  t h i s  work, a l l  

86 /Sr88 r a t i o s  have been normalized t o  0.1194. 

DATA AND DISCUSSION 

1. Elemental Abundances 

Elemental abundances o f  Rb, S r  and i n  some cases  of K ,  have been 

determined along with t h e  i so top ic  composition of  S r , f o r  four  s epa ra t e  

chondrules,  four  carbonaceous chondr i tes  and a hypersthene-ol ivine 

chondr i te  i n  t h i s  s tudy.  The carbonaceous chondr i tes  chosen included 

members of a l l  t h e  t h r e e  types,  and t h e  Peace River chondr i te  w a s  chosen 
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because it contained unusually l a rge  chondrules and w a s  recovered very 

soon a f t e r  i t s  f a l l  on March 31, 1962. 

The K, Rb and S r  conten ts  i n  four  ind iv idua l  chondrules and t h e  Peace 

River me teo r i t e  are given i n  Table 2 .  Duplicate  ana lyses  f o r  t h e  elemental  

abundances of K ,  Rb and S r  were done on Peace River me teo r i t e  by choosing 

two d i f f e r e n t  p ieces  r a t h e r  than  s p l i t s  of t h e  same crushed sample. In  

t h e  case of chondrules no dupl ica te  ana lyses  were p o s s i b l e  f o r  reasons of  

t h e  sample s i z e .  The dup l i ca t e  values of Rb given i n  Table 2 ,  both of t h e  

chondrules and t h e  Peace River Meteori te  I do not  r ep resen t  dup l i ca t e  

independent de te rmina t ions ,  but  r e f e r  t o  s e p a r a t e  mass spec t romet r ic  

measurements of t h e  same sample. The conten ts  of both Rb and S r  i n  

ind iv idua l  chondrules v a r i e s  over a wide range and i s  perhaps c o n t r o l l e d  

by t h e  mineralogy of  t h e s e  chondrules.  I n  c o n t r a s t ,  d u p l i c a t e  ana lyses  on 

t h e  Peace River meteor i te  i n d i c a t e  a r e l a t i v e l y  homogeneous d i s t r i b u t i o n  

of t h e s e  elements.  This appears t o  be t r u e  of t h e  carbonaceous chondr i tes  

also. ,  as ind ica t ed  by t h e  r e p l i c a t e  analyses  of some samples shown i n  

Table 1. 

The atomic abundances of  K ,  Rb and S r  i n  carbonaceous chondr i tes  

6 r e l a t i v e  t o  10 atoms of S i  a r e  shown i n  Table 3. Var ia t ions  of  f a c t o r s  

2 t o  3 occur i n  t h e  a l k a l i  elements i n  t h e  carbonaceous chondr i t e s ,  t h e  

t r e n d  being a genera l  decrease i n  abundance from Type I t o  Type 111. 

These v a r i a t i o n s  i n  K and Rb are i n  complete accord wi th  v a r i a t i o n s  noted 

f o r  Na and K by Edwards and Urey (1955) and f o r  t h e  a l k a l i  elements by 
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Smales,et  a l .  (1964) ,  although the  concent ra t ions  of K repor ted  he re  

f o r  Orguei l ,  Murray and Mokoia are  s i g n i f i c a n t l y  lower than  t h e  values  

r epor t ed  by Edwards and Urey ( 1 9 5 5 ) .  I n  c o n t r a s t  t o  t h e  marked var ia -  

t i o n  shown by t h e  a l k a l i  elements,  Sr does not  show such a v a r i a t i o n .  

The uniformity of t h e  high ages of a l l  t h e  t h r e e  types  of carbonaceous 

chondr i t e s ,  d i scussed  l a t e r  i n  t h i s  paper ,  i n d i c a t e s  t h a t  whatever 

mechanism caused t h i s  f r a c t i o n a t i o n ,  whether a v o l a t i l i z a t i o n  process  

o r  leaching  and a l t e r a t i o n ,  it must have occurred very  e a r l y  i n  t h e  

h i s t o r y  of t h e  s o l i d  matter t h a t  formed t h e s e  me teo r i t e s .  

2. Ages 

The r e l evan t  d a t a  f o r  age determination f o r  a l l  t h e  samples analyzed 

i n  t h i s  s tudy are l i s t e d  i n  Table 7. Excel lent  d i scuss ions  of  t h e  i n t e r -  

p r e t a t i o n  o f  an "age" measured by t h e  Rb-Sr method are given by G a s t  (1962) 

and Anders (1962) .  Under t h e  simple assumptions,  1) t h a t  a t  one t ime a l l  

t h e  meteor i tes  o r i g i n a l l y  contained i s o t o p i c a l l y  homogeneous Sr, and 

2 )  t h a t  t hey  have remained as closed systems s i n c e  t h a t  t ime ,  it i s  

poss ib l e  t o  c a l c u l a t e  an age fo r  any given sample from t h e  d a t a  i n  Table 7 

by t h e  s tandard  Rb-Sr age equat ion,  

87 86 X t  (Sr87/Sr86) P = (Sr87/Sr86) 0 + Rb /Sr ( e  -1) 

87 if t h e  value f o r  (Sr /Sr86)o is known o r  assumed. I n  equat ion 1, t h e  sub- 

s c r i p t s  p and o r e f e r  t o  present day and i n i t i a l  t imes r e s p e c t i v e l y ,  and X 

i s  t h e  decay cons tan t  of Rb87.  Ages thus  obtained f o r  t h e  s p e c i f i c  case  
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where the (Sr87/Sr86)o in a number of chondrites was similar to that 

observed now in several achondrites are the Model I1 ages of Gast (1962). 

In the present study we require not only to measure the radiometric 

87 86 ages with an assumed (Sr /Sr ) but also to explore the relationships 

between the initial strontium isotopic composition and the ages of the 

chondrules, chondrites and the carbonaceous chondrites. Consequently, 

the samples have been grouped in several different ways corresponding to 

different assumptions concerning their genesis, and the data for each 

group are examined by the isochron method. If the samples in any group 

fulfil Gast's Model I requirements (uniform (Sr /Sr ) and chemical 

closure for the same subsequent time), then by equation 1, the relatioq- 

ship between ( S r  /Sr86) and Rb /Sr 

linear structure - the isochron - whose slope equals (e -1) and whose 

Thus on Model I 

0 

87 86 
0 

87 87 86 for such samples will be exact 
At 

intercept on the (Sr87/Sr86) axis equals (Sr 87 /Sr86) . 
0 

assumptions, the scatter of the measured points about a straight line 

would be determined solely by experimental precision. It follows that 

these assumptions can be tested by comparing the observed variance of the 

points to the fitted line with prior or within-sample estimates of the 

experimental variance. 

Unfortunately the statistical estimation of the isochron from the 

experimental data cannot be made in a completely satisfactory manner. 

There are significant errors of measurement in both (Sr /Sr86) and Rb /Sr  , 

so that a simple regression of ( Sr87/Sr86)against Rb87/Sr is invalid. 

Moran (1956) shows that for such a case the slope of a linear structure 

87 87 86 

86 
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w i l l  l i e  between l i m i t s  s e t  by the ( t r u e )  regress ion  l i n e s  of Y aga ins t  

X and of X aga ins t  Y ,  t he se  l i m i t s  corresponding t o  values  of o and 00 

f o r  t h e  r a t i o  of t h e  X- t o  Y- var iances .  Other t rea tments  a r e  a v a i l a b l e  

( e .g .  Acton, 19591, but  none ( inc luding  Moran's) a r e  s t r i c t l y  app l i cab le  

t o  t h e  Rb-Sr case owing t o  a f u r t h e r  s t a t i s t i c a l  complication. This i s  

a probable  non-homogeneous variance f o r  Rb87/Sr which a r i s e s  from t h e  

i so tope-d i lu t ion  technique:  i f  mass d iscr imina t ion  e r r o r s  i n  measuring 

t h e  Rb i s o t o p i c  r a t i o s  a r e  t h e  so l e  source of  e r r o r  i n  t h i s  co-ordinate ,  

then  it may be p red ic t ed  t h a t  the  s tandard  dev ia t ion  f o r  any va lue  of Rb 

concent ra t ion  w i l l  be a constant  f r a c t i o n  of t h e  value i t s e l f .  Owing t o  

these  d i f f i c u l t i e s  with s t a t i s t i c a l  theory ,  not  much confidence can be 

p laced  i n  t h e  use of ana lys i s  of var iance  methods and s t a t i s t i c a l  t e s t s  

with t h e s e  experimental  da ta .  We have at tempted t o  allow f o r  e r r o r s  i n  

both co-ordinates by f i r s t  applying Moran's method of double r eg res s ion  

t o  es t imate  l i m i t i n g  values  f o r  t h e  s lope  of t h e  isochron,  and then  adding 

t h e  f u r t h e r  unce r t a in ty  a r i s i n g  from t h e  sampling e r r o r s  i n  t h e  two es t i -  

mators. 

86 

87 

Carbonaceous Chondrites 

In  recent  years  a number of d e t a i l e d  s t u d i e s  on t h i s  group of meteor- 

i t e s  have l e d  t o  some very i n t e r e s t i n g  specula t ions  on t h e i r  o r i g i n .  Urey 

(1961) has argued t h a t  carbonaceous chondr i tes  were der ived  by a l t e r a t i o n  

of  high i r o n  group of chondri tes .  The oppos i te  po in t  of view, t h a t  t h e  

carbonaceous chondr i tes ,  p a r t i c u l a r l y  Type I ,  r ep resen t  p r i m i t i v e  m a t e r i a l  

aggregated from pr imordia l  s o l a r  nebula ,  has  been adopted by Mason, (1960), 
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Ringwood (19611, Wood (19621, and Anders (1964) .  Moreover, FIason and 

Ringwood have t r i e d  t o  de r ive  t h e  Types I1 and I11 from Type I ,  while  

Anders (1964) has suggested t h a t  a l l  t h e  t h r e e  groups of carbonaceous 

chondr i tes  r ep resen t  varying mixtures of m a t e r i a l  condensed a t  high 

temperatures  and m a t e r i a l  condensed a t  low temperatures .  I t  w a s  one 

of t h e  ob jec t ives  of t h e  p re sen t  s tudy t o  see i f  t h e r e  a r e  any sys- 

temat ic  age o r  (S r  /Sr  ) d i f f e rences  between t h e  var ious  groups of 

t h e  carbonaceous chondr i t e s ,  or between t h e  carbonaceous chondr i tes  

and ord inary  chondr i tes .  I f  d i f f e rences  of  t h i s  kind can be c l e a r l y  

demonstrated beyond experimental  e r r o r s  and ou t s ide  of t h e  r e s o l u t i o n  

of Rb-Sr method of da t ing  t h e s e  o b j e c t s ,  such evidence would have an 

unequivocal bear ing  on some of the hypotheses mentioned above. 

87 86 
0 

The carbonaceous chondri tes  analyzed i n  t h i s  s tudy inc lude  one 

sample from Type I ( O r g u e i l ) ,  one from Type I1 (Murray),  and two from 

Type 111 (Lance and Mokoia). The elemental  concent ra t ions  a r e  l i s t e d  

i n  Table 3 and t h e  i s o t o p i c  da ta  a r e  given i n  Table 7. 

The carbonaceous chondri tes  as a whole form a we l l  def ined  isochron 

87 wi th  an age of 4 .46  AE and a ( S r  /Sr86)o of 0.7007 (Table 8 ) .  The two 

values  f o r  s lope  obta ined  by the  double-regression d i f f e r  by only 0.15 

pe rcen t ,  which i s  n e g l i g i b l e  r e l a t i v e  t o  t h e  sampling e r r o r s  i n  each 

r eg res s ion .  Following simple s t a t i s t i c a l  theory  (which may not  s t r i c t l y  

a p p l y ) ,  t h e  l a t t e r  g ive  r ise t o  a 95 percent  confidence i n t e r v a l  of 

+ 0.35 AE, and i n  add i t ion  the  s t anda rd  dev ia t ions  f o r  (Sr87/Sr86) and 
P - 
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87 (Rb 

by ana lys i s  of  var iance .  Both of t h e s e  values  a r e  very c lose  t o  

estimates of  measurement p rec i s ion  found from r e p l i c a t e  a n a l y s i s  (Table  1) .  

Thus a l l  t h e  var iance  i n  t h e  f i t  of t h e  d a t a  t o  t h e  isochron appears  t o  be 

accounted f o r  by experimental  e r r o r ,  implying t h a t  "geologica l  e r r o r "  i s  

probably absent .  In  o t h e r  words, t h e  isochron assumptions of uniform 

( S r  

be v a l i d  f o r  t h e s e  samples of carbonaceous chondr i t e s ,  and thus  no d i f f e r -  

e n t i a t i o n  of  t h e  t h r e e  types  i s  evident  from t h e i r  Rb-Sr d a t a  considered 

- i n  i s o l a t i o n .  

va lue  f o r  i n i t i a l  Sr87/Sr 

/Sr86)  v a r i a b i l i t y  may be roughly es t imated  as 0.0006 and 0 .01  

87 and subsequent chemical c losu re  f o r  t h e  same time appear t o  
0 

(It  w i l l  be  shown l a t e r  t h a t  t h e  i n c l u s i o n  of t h e  achondr i te  

86 w i t h  t h i s  d a t a  q u a l i f i e s  t h i s  conclusion.) 

It should be observed t h a t  t h e  es t imated  s t anda rd  dev ia t ion  f o r  r e p l i -  

87 86 ca t ion  of Rb /Sr  i s  g r e a t e r  than expected s o l e l y  from mass-discrimination 

e r r o r  i n  determining Rb87. The l a t t e r  should be roughly 0.25 p e r c e n t ,  which 

i s  almost a f a c t o r  of 10 l e s s  than t h e  observed ( ave rage )  percentage s tan-  

dard  dev ia t ion .  

may be p r e s e n t .  

Wasserburg,et a l .  1964) then  t h e  var iance  i n  Rb87/Sr 

geneous. 

This sugges ts  t h a t  another  source ( o r  sou rces )  of  e r r o r  

If t h i s  i s  Sr  contamination e l u t e d  from glassware ( e .g .  

86 would now be homo- 

The mean value' 0.6985 has been found by Gast (1962) f o r  Sr87/Sr86 a t  

t h e  t ime of t h e  (assumed) chondri te-achondri te  f r a c t i o n a t i o n ,  and by Pinson, 

e t  a l .  (1964)  f o r  t h e  (assumed) common va lue  f o r  a l l  chondr i tes .  Following 

I normalized t o  Sr86/Sr88 equal t o  0.1194 
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IJoran ( 1 9 5 6 ) ,  it i s  poss ib l e  t o  t e s t  whether t h i s  va lue  f a l l s  s i g n i f i c a n t l y  

o u t s i d e  t h e  isochron l i m i t s  f o r  t h e  carbonaceous chondr i t e s ,  provided t h a t  

86 t h e  var iance  i n  Rb87/Sr i s  homogeneous. The t e s t  shows t h a t  it does n o t ,  

87 86 
so t h a t  ( S r  /Sr  ) f o r  t h e  carbonaceous chondr i tes  may be t h e  same i n  

0 

f a c t  as f o r  o t h e r  me teo r i t e s ,  t o  w i th in  t h e  present  experimental  r e s o l u t i o n .  

This p o s s i b i l i t y  l eads  t o  o ther  groupings of t h e  a n a l y t i c a l  da t a  of 

t h i s  paper:  t h e  regress ion  l i n e s  may now be  forced  t o  pass  through t h e  

po in t  (0.6985, O.OOO), and i n  add i t ion  t h e  d a t a  f o r  t h e  Peace River meteor- 

i t e  may be included with t h e  carbonaceous chondr i t e s .  The e s t ima tes  f o r  

age corresponding t o  t h e s e  groups are shown i n  Table 8. 

Taking (0.6985, 0 .000)  as ''known" f o r  t h e  carbonaceous chondr i t e s ,  t h e  

isochron l i m i t s  from double-regression are again very c l o s e  toge the r .  The 

main unce r t a in ty  i n  t h e  age i s  due as before  t o  t h e  sampling e r r o r  of  t h e  

e s t i m a t o r s ,  bu t  wi th  some reduct ion produced by t h e  increased  range i n  

Rb /Sr  . The e s t ima te  f o r  Sr87/Sr var iance  based upon t h e  r e s i d u a l  sum- 

of-squares i s  now about e i g h t  t imes g r e a t e r  t han  t h e  within-sample e s t ima te .  

This would be very s i g n i f i c a n t l y  g r e a t e r  us ing  simple r eg res s ion  theory  

bu t  as d iscussed  e a r l i e r  such a va r i ance - ra t io  t e s t  i s  not  s t r i c t l y  v a l i d  

s i n c e  t h e r e  i s  e r r o r  i n  both co-ordinates.  The mean va lue  f o r  t h e  age i s  

increased  by some 6 percent  t o  4 .74  AE, which i s  i n  e x c e l l e n t  agreement wi th  

t h e  r e s u l t s  of Gast (1962) .  The inc lus ion  of t h e  Peace River  Meteori te  d a t a  

inc reases  t h e  mean value f o r  age by about 2.5 percent  f o r  t h e  carbonaceous 

chondr i tes  a lone ,  and g ives  4.76 AE when t h e  "known" po in t  (0.6985, 0.000) 

87 86 86 

i s  used. 
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Inspec t ion  of t h e  isochron diagram (F igure  1) shows t h a t  most of 

t h e  r e s i d u a l  var iance  i s  cont r ibu ted  by t h e  po in t s  f o r  t h e  Group I11 

carbonaceous chondr i t e s ,  Lance and Mokoia. An isochron forced  through 

(0.6985, 0.000) w i l l  f i t  t h e  remaining chondr i tes  t o  wi th in  experimental  

e r r o r .  This suggests  t h a t  t h e  data  f o r  t h e  Group I11 carbonaceous 

chondr i tes  may devia te  s i g n i f i c a n t l y  from t h e  0.6985 isochron owing t o  

"geologica l  e r ro r " .  

from t h e  Group I type  some 0 . 3  AE a f t e r  t h e  main pe r iod  of chondr i te  

formation,  corresponding t o  t h e  4.46 AE isochron presented  by t h e  carbon- 

aceous chondr i tes  a lone .  The l a t t e r  isochron w i l l  possess  t i m e  s i g n i f i c a n c e  

as a metamorphic isochron i f  Group I11 o r i g i n a t e d  from Group I by Rb 

dep le t ion .  If t h e  chondr i te  Murray (Group 11) i s  regarded as a phys ica l  

mixture of  Group I and I11 then  it a l s o  must l i e  on t h e  metamorphic i so-  

chron j o i n i n g  t h e  l a t t e r  owing simply t o  m a t e r i a l  ba lance .  

One simple p o s s i b i l i t y  would be t h e i r  product ion 

The age of  t h e  Orguei l  meteor i te  ob ta ined  he re  has  some t o p i c a l  

The discovery of  "organized elements" i n  t h i s  me teo r i t e  importance. 

and t h e i r  poss ib l e  biogenic  na ture  has  set  o f f  a g r e a t  controversy re -  

garding s e v e r a l  a spec t s  of terrestr ia l  contamination of  t h i s  me teo r i t e  

(Anders, 1962) .  

samples of  Orguei l  i n d i c a t e  t h a t  wi th  re ference  t o  t h i s  system, t h e  meteor- 

i t e  has remained a c losed  system f o r  some 4 . 7  AE. 

t i o n  occurred a t  all, it happened i n  such a way t h a t  t h e  Rb-Sr system w a s  

not  per turbed .  

It must be pointed out  t h a t  t h e  Rb-Sr d a t a  of s e v e r a l  

I f  t e r r e s t r i a l  contamina- 
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Peace fi iver Chondrules 

I n  view of t h e  recent  suggest ions by Yood (1958,  1962) t h a t  

chondrules r ep resen t  d rop le t s  o f  s i l i c a t e s  formed by d i r e c t  condensation 

from t h e  p r i m i t i v e  s o l a r  nebula ,  i t  would be highly meaningful t o  a t tempt  

t o  measure both t h e  ages of chondrules and t h e i r  (Sr87/Sr86)0,  d i r e c t l y  

and independently of  o the r  me teo r i t i c  da t a .  The r e l a t i o n s h i p  of t h e  

i n i t i a l  Sr87/Sr 

provide information which bea r s  upon t h e i r  o r i g i n .  For example, i f  chond- 

rules were produced as i n  Wood's theory it  i s  e n t i r e l y  p o s s i b l e  t h a t  they  

conta in  a (Sr /Sr  ) t h a t  i s  even l e s s  radiogenic  than  t h a t  observed i n  

achondr i t e s ,  and t h e i r  ages may be h ighe r  than  t h a t  of me teo r i t e s .  Con- 

ve r se ly ,  i f  t h e  chondrules were produced i n  some thermal event  i n  t h e  

h i s t o r y  of me teo r i t e  parent  bodies a f t e r  t h e i r  a c c r e t i o n ,  t h e i r  ( S r  /S r  

may be more radiogenic  than  t h a t  of achondr i tes  and t h e i r  ages might be 

lower. 

Lovering and Vernon, 1965). 

t h e  change expected i n  t h e  ( S r  

t h e  present  system and t h e  t ime i n t e r v a l .  

86 i n  chondrules t o  t h a t  of me teo r i t e s  and t h e i r  ages can 

87 86 
0 

87 86 
) o  

Such an example f o r  a meteor i te  has r e c e n t l y  been r epor t ed  (Compston, 

In  a l l  ca ses ,  t h e  d i r e c t i o n  and magnitude of 

87 depends upon t h e  Rb-Sr r a t i o  of  
0 

Four chondrules from t h e  Peace River me teo r i t e ,  a hypersthene-ol ivine 

chondr i t e ,  have been s tud ied  here.  These chondrules ranged i n  weight from 

100 mg t o  420 mg each, and they  were found i n  an area of about 2" x 2" on 

a broken su r face .  A l l  t h e  chondrules showed r a d i a t i n g  f ib rous  s t r u c t u r e s  

t o  t h e  naked eye,  were spheroidal  o r  e l l i p s o i d a l  i n  shape,  and were e a s i l y  

d i s t i n g u i s h a b l e  from t h e  f ine-grained mat r ix .  The Rb, S r  and K elemental  

abundances a r e  given i n  Table 2 and t h e  i s o t o p i c  d a t a  i n  Table 7.  
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In  these  four  chondrules,  although t h e  Rb and S r  conten ts  va r i ed  

by s e v e r a l  f a c t o r s ,  unfor tuna te ly  t h e  Rb/Sr r a t i o s  d id  not vary over a 

wide enough range t o  def ine  a p rec i se  isochron.  Furthermore,  t h e  s c a t t e r  

among t h e  chondrule data (F igure  1) i s  much g r e a t e r  than  expected on 

previously-used es t imates  of experimental  e r r o r s .  The reason f o r  t h i s  

s c a t t e r  may be due t o  f a i l u r e  of t h e  b a s i c  assumptions t h a t  a l l  chondrules 

a r e  of t h e  same age and contained t h e  same (Sr87/Sr86)o,  and t h a t  each of 

t h e  chondrules has remained a closed system s i n c e  t h e  t i m e  o f  i t s  forma- 

t i o n .  The Peace River meteor i te  i s  a metamorphosed hypersthene-ol ivine 

chondr i te  of t h e  low-iron group, and it i s  e n t i r e l y  reasonable  t o  t h i n k  

t h a t  a t  t h e  l e v e l s  of t h e  chondrule dimensions,  Rb and Sr may be l a b i l e  

during t h e  l i f e t i m e  of t hese  chondrules i n  t h i s  meteor i te .  In  a d d i t i o n ,  

p a r t  of t h e  s c a t t e r  of t h e  chondrule p o i n t s  may be due t o  g r e a t e r  exper i -  

mental  u n c e r t a i n t i e s  i n  t h e  measurement of  t h e i r  Rb/Sr r a t i o s  a r i s i n g  from 

t h e  much smaller amounts of Rb and Sr handled during a n a l y s i s .  

Comparison wi th  t h e  l e a d  me teo r i t i c  isochron 

The age c a l c u l a t e d  by Pa t t e r son  (1955) f o r  t h e  t ime of t h e  U-Pb 

f r a c t i o n a t i o n  and chemical c losure  of c e r t a i n  meteor i tes  i s  extremely 

p r e c i s e  owing t o  t h e  demagnification of experimental  e r r o r  which occurs  

during t h e  use of  t h e  Pb-Pb age equat ion .  H i s  quoted unce r t a in ty  of  

- + 0.07 x 1 0  years  i s  i n  f a c t  c lose  t o  t h e  95 percent  confidence l i m i t s  

d e s p i t e  t h e  few samples analyzed. Thus P a t t e r s o n ' s  maximum value  f o r  age,  

4.62 x 10 

chondr i te  d a t a  (Table  8 )  forced t o  pass  through 0.6985 as ( S r  /Sr86)o.  

9 

9 y e a r s ,  i s  j u s t  below t h e  minimum Rb-Sr value f o r  t h e  combined 

87 
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iIo o the r  grouping of t h e  d a t a  i n  t h i s  paper sugges ts  a s i g n i f i c a n t  

d i f f e r e n c e ,  bu t  t h e  mean age values of Gast (1962)  and Pinson ,e t  a l .  

(1964) a r e  s i m i l a r l y  g r e a t e r  than 4 .55  x 10 y e a r s .  9 

I t  i s  tempting t o  remove t h i s  apparent discrepancy with t h e  l e a d  age 

by an inc rease  i n  t h e  va lue  of the PbB7 decay cons tan t  used so  f a r  i n  

t h i s  paper ,  1 .39  x 10  yea r .  Such an adjustment would employ t h e  

assumptions 

occurred at c l o s e l y  t h e  same time as t h e  Rb-Sr f r a c t i o n a t i o n  and i i )  t h a t  

a l l  t h e  p a r t i c u l a r  me teo r i t e s  analyzed evolved at t h e  same time and have 

s i n c e  remained chemically c losed.  It  seems t o  t h e  au thors  more d e s i r a b l e  

on t h e  cont ra ry  t o  endeavour t o  t e s t  t hese  assumptions us ing  an independent 

comparison of r e s u l t s  ob ta ined  by t h e  two techniques .  Furthermore it must be  

remembered t h a t  t h e  p a r t i c u l a r  value used f o r  t h e  RbB7 decay cons tan t  i s  

a l ready  t h e  r e s u l t  of comparit ive U-Pb and Rb-Sr geochronology (Ald r i ch ,  

e t  a l .  1956) ,  us ing  samples which are a t  least  as l i k e l y  as me teo r i t e s  

considered as a group t o  be cogenetic and coeval .  Independent modern de te r -  

minat ions of A RbB7 by d i f f e r e n t  phys i ca l  methods a r e  o f  no h e l p ,  s i n c e  

they  are d iscouragingly  s c a t t e r e d  (Leutz ,  e t  a l .  1962) ,  and no o b j e c t i v e  

means i s  evident  of s e l e c t i n g  which of t h e s e  i s  c o r r e c t  ( i f  any ) .  

-11 

i )  t h a t  t h e  U-Pb f r a c t i o n a t i o n  during me teo r i t e  evolu t ion  

We conclude t h a t  t h e  co r re l a t ion  of  t h e  Pb with Rb-Sr work on meteor- 

i t e s  must remain an open question. It i s  p o s s i b l e  t h a t  t h e  Pb isochron of  

Pa t t e r son  (1955)  r ep resen t s  t he  most accu ra t e  measurement of an age of  

gene ra l  chemical f r a c t i o n a t i o n  of m e t e o r i t i c  m a t e r i a l  which inc ludes  t h e  
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carbonaceous chondr i t e s ,  o r  it i s  poss ib l e  t h a t  t h e  Pb isochron r e f e r s  

t o  a s l i g h t l y  younger event i n  meteor i t ic  evo lu t ion  t o  which t h e  Group 

I11 carbonaceous chondr i tes  may belong, but  wi th  Group I being s l i g h t l y  

o l d e r .  
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TABLE 1. Reproducib i l i ty  o f  Sr and R b  i s o t o p i c  measurements 

A. Repl ica te  Sr87/Sr86 Analyses of M.I .T .  Eimer and Amend Reagent 

Standard Sr. 

Date S r  87 /Sr  B6 ( ~ r ~ ' / s r ~ ~ ) c o r r .  S r  86 /Sr  88 - No - 
L a  J o l l a  

1 

2 

3 
4 
5 

"6 
"7 
"8 
"9 

"10 

J u l y  11, 1963 0.705 

J u l y  12, 1963 0.705 

J u l y  12 ,  1963 0.706 

J u l y  16,  1963 0.706 

July 19, 1963 0.705 

J u l y  21, 1963 0.704 

J u l y  22, 1963 0.705 

J u l y  22, 1963 0.706 

July 23, 1963 0.705 

J u l y  24, 1963 0.707 

Average 

Standard dev ia t ion  

0.707 

0.707 

0.708 

0.708 

0.708 

0 707 

0 707 

0.708 

0.707 

0.708 

0 7075 

- + 0.0005 

0.1201 

0.1201 

0.1200 

0.1203 

0.1202 

0.1204 

0.1200 

0.1201 

0.1201 

0.1200 

0.1201 

0.00013 

by normalizing observed 86/88 t o  ( 87/86 co r rec t ed  

0.1194 and applying ha l f  of t h i s  co r rec t ion  t o  ob- 

served 87/86. 
m u l t i p l i e r  w a s  used and a square roo t  of mass r a t i o  

co r rec t ion  appl ied  f o r  a l l  t h e  observed va lues .  

For t h e  o t h e r  measurement an e l e c t r o n  

B. Repl ica te  S r  87 /Sr86 analyses of meteor i tes  (see la te r  Tables)  

Orguei l  I 0.7437 

0.7444 

0.7435 

0.7435 

0.7436 

0.7429 * 
Ion de tec t ion  by s t r a i g h t  c o l l e c t o r  



TABLE 1 (Con t ' d )  

Mokoi a 

Peace River Chondrule I1 

IV 
Standard dev ia t ion  from pooled 
var iance  

0.7144 
0.7146 
0.7400 
0.7394 
0.7471 
0.7473 

: 0.0004 

87 86 C.  Repl ica te  Rb /Sr analyses  of meteor i tes  (see l a t e r  Tables)  

Orguei l  I 

Mokoia 

**Bishopville I 

**Bishopville I1 

0.677 
0.651 
0. 2152 

0. 2135 
0.482 
0.469 
0.393 
0.379 

Standard dev ia t ion  from pooled 
var iance  : 0.009 



TABLE 2. 

Sample 

Chondrule 

Chondrule 

Chondrule 

Chondrule 

Concentrations o f  K ,  Rb and S r  i n  Peace 

River Meteorite and i t s  Chondrules. 

I 

I1 

111 

IV 

Peace River 
T o t a l  Meteorite I 

Peace River 
T o t a l  Meteorite I1 

--- 4.90 17.61 

--- 1.40 5.79 
1.42 

718 1.42 8.41 

--- 4.16 17.92 
4.16 

765 2.64 10.25 
2.59 

752 2.46 9.82 

87 86 Rb /Sr 

0.787 

0.686 

0.478 

0.656 

0.720 

0 * 709 



. .  

TABLE 3. Concentrations of K ,  Rb and S r  i n  Carbon- 

aceous Chondrites. 

Sample 

m 
Orgueil  I A 

I B  

I C  

Orgueil  I1 

Type I1 

Murray 

Type I11 

Mokoia A 

B 

Lance 

347 1 .78  7.73 0.650 
343 1.76 8.18 0.608 
345 1.74 7.77 0.633 
494 2.08 8.74 0.671 

266 1.57 9.38 0.473 

311 1 .20  16.23 0.215 

388 1.42 14.65 0.274 
335 1 .21  16.28 0.214 



TABLE 4 .  Atomic abundances of K ,  R b  and S r  r e l a t i v e  

6 10 atoms of S i  i n  carbonaceous chondr i tes .  

Type 1 

Type I1 

Type I11 

Chondrites 

Rb - K - 
36 - + 4 

25 2 5 

18 - + 2 

6.5 - + 0.6 

4 . 1  - + 0.2 

2.6 - + 0 .2  

34 - + 4 4.4  - + 1.1 

S r  - 
24 + 1 - 

25 + 1 - 
31 2 2 

20 + 1 - 
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TABLE 6. Contamination co r rec t ions  for S r  analyses  

Sample 

Peace River Chondrule I 

I1 

I11 

IV 

Peace River To ta l  
Meteorite I 

I1 

Orgueil  I A  

€3 

C 

Orgueil  I1 

Murray 

Mokoia 

Lance 

A 

B 

S r  
Con cent r a t i o n  

ugm/gm 

17.61 

5.79 

8.41 

17 92 

10.25 

9.82 

7.73 

8.18 

7.77 

8.74 

9.38 

16.23 

16.28 

14.65 

Sample S r  
Processed 

ugms 

5.51 

* 75 

1.07 

5.56 

4.36 

20.49 

3.91 

3.49 

7.13 

7.55 

7.72 

8.12 

9.90 

9.36 

Contamination 
c o r r e c t i o n  % 

1.8 

6.7 

9.3 

1.8 

4.6 

0.5 

2.1 

2.4 

1.1 

1.3 

1.3 

1.1 

0.8 

1.1 
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TABLZ 8. Rb-Sr ages as given by d i f f e r e n t  me teo r i t e  groupings 

Group of  Samples 

Carbonaceous 
chondr i tes  

( ~ r ~ 7 / , r ~ ~  ) 0 ( assumed ,r87/~r86 ) 0 
ca l cu la t ed  

0.7007 

0.6985 

Slope 

( 0.0639 
( 
(0.0640 

(0.06806 
( 
(0.06812 

*Age (10 9 yea r s  ) 

4.46 + 0.35 - 

4.74 - + 0 .21  

Carbonaceous 
chondr i tes  and 
Peace River 
me teo r i t e  

0.7001 

0.6985 

(0.06559 4.58 - + 0.32 
( 
(0.06582 

(0.06839 4.76 + 0 .12  
( 

- 
(0.06843 

Peace River  
chondrules 

0.6985 ( .0642 4 .5  2 0.8 
( 
( .0647 

* 
The unce r t a in ty  shown i s  t h e  95 percent  confidence l i m i t ,  and t h e  va lue  used 

f o r  Rb87 i s  1.39 x 10- year .  11 



LEGEND FOR FIGURE 

Figure 1: Rb-Sr isochrons f o r  carbonaceous chondri tes  a lone ,  

and f o r  t h e  Peace River and carbonaceous chondri tes  

with assumed i n i t i a l  S r  87 /Sr86 of 0.6985. 
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